Introduction
Joubert syndrome (JS) is an autosomal recessive disorder characterized by a specific mid-hindbrain malformation, hypotonia and developmental delay/mental retardation. JS is associated with the 'molar tooth sign' (MTS), a radiologic finding that includes cerebellar vermis hypoplasia and malformation of the brainstem. 1 An irregular breathing pattern in the newborn period and abnormal eye movements may be observed. 2 -4 Typically, the hypotonia is most prominent during infancy, and cerebellar ataxia develops later. Classic JS is defined as the MTS, hypotonia, developmental delay/mental retardation, 7 oculomotor apraxia (OMA), 7 breathing abnormalities ( Figure 1 ). Some authors include typical facial features in the clinical diagnosis. 5 Conditions sometimes associated with JS and & 2007 Nature Publishing Group All rights reserved 1018-4813/07 $30.00
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In brief
Joubert syndrome (JS) is a rare autosomal recessive brain malformation disorder with the key finding of cerebellar vermis hypoplasia with a complex brainstem malformation that comprises the molar tooth sign (MTS) on axial MRI images. Although the MTS is a necessary feature of JS, other clinical elements that support a diagnosis include hypotonia, developmental delay/mental retardation, cerebellar ataxia, abnormal eye movements, and irregular respiratory pattern.
Other clinical features define subtypes of JS, termed Joubert syndrome and related disorders (JSRD). These include occipital encephalocele, polymicrogyria, polydactyly, ocular coloboma, retinal dystrophy, cystic kidney disease, nephronophthisis, and hepatic fibrosis. Some degree of mental retardation is usually present in JSRD and is typically moderate in severity; affected individuals should receive developmental interventions. Homozygous deletion of the NPHP1 gene is causative in B1 -2% of JSRD subjects with a distinctive form of the MTS, retinal dystrophy in some cases, and juvenile nephronophthisis, a medullary cystic kidney disease leading to end-stage renal failure. Mutations in the AHI1 gene are causative in B10 -15% of JSRD subjects, many of whom exhibit retinal dystrophy, and in some cases, polymicrogyria or later onset nephronophthisis.
Mutations in the CEP290 (NPHP6) gene are estimated to cause B10% of JSRD and are associated with retinal dystrophy and/or congenital blindness, as well as renal disease in some families. Two other JS loci have been published (9q34 and pericentromeric 11), but the causative genes have not been identified. It is likely that the primary cilium/basal body apparatus is defective in some subtypes of JSRD, but how this causes the complex phenotype remains unknown. As some of the medical complications occur with increasing age, based on our current understanding, it is recommended that individuals with JSRD be monitored with regular eye exams for retinal dystrophy and periodic evaluations for renal disease and hepatic fibrosis.
referred to as Joubert syndrome and related disorders (JSRD) include features such as other central nervous system anomalies, polydactyly, ocular coloboma, retinal dystrophy, renal disease including cystic dysplasia or nephronophthisis, and hepatic fibrosis. Some of these findings are not apparent at birth.
Although no direct measurement of the incidence of JS exists, its prevalence in the United States has been estimated as approximately 1:100 000. 6 This is likely to be an underestimate due to lack of recognition of the clinical signs or MRI findings and failure to diagnose the condition in more mildly affected individuals. Homozygous NPHP1 deletions are estimated to cause JSRD in B1 -2% of subjects; testing by fluorescence in situ hybridization (FISH) or marker analysis to identify homozygous deletions is available. CEP290 mutations are estimated to cause JSRD in B10% of subjects; sequencing of all coding exons is currently available. JSRD, Joubert syndrome and related disorders, DD/MR, developmental delay/mental retardation, abn. eye mvts., abnormal eye movements (including nystagmus, OMA), irreg. breathing, irregular breathing pattern (tachypnea and/or apnea).
Clinical overview
Core diagnostic criteria Although diagnostic criteria for JS have not been established, the clinical features often cited as necessary for the diagnosis of classic JS include: 2 -6 1. Cranial MRI findings demonstrating the MTS on axial imaging with these three components: midline cerebellar vermis hypoplasia, deepened interpeduncular fossa, and thick, elongated superior cerebellar peduncles (see Figure 2 ; present in 100%) 1, 7 2. Hypotonia in infancy (100%) 3. Developmental delay/mental retardation, of variable severity (100%) 4. One or both of the following (not absolutely required but supportive of the diagnosis): a. Irregular breathing pattern in infancy (episodic tachypnea and/or apnea) b. Abnormal eye movements (including nystagmus, jerky eye movements, and OMA or difficulty with smooth visual pursuits).
JSRD and associations
The disorders that share the MTS have been termed JSRD. 8 JS may also be considered an oculo-cerebello-renal syndrome because of the coincident involvement of all three organ systems. 9 Certain clinical features tend to occur in distinctive patterns, such as the combination of retinal and renal involvement, lending support to this proposed nosologic framework; 8, 10, 11 however, these associations have not always been consistent. The clinical features and genetic causes of JSRD (where known) are summarized in Table 1 . Whether these conditions represent distinct disorders or share common genetic etiologies with 'classic JS' as defined by the core diagnostic criteria remains to be determined. In some of these conditions, the MTS is always present, whereas in others (such as juvenile nephronophthisis or Senior -Lken syndrome), only a subset of individuals with the diagnosis manifests the MTS. 11 This nosologic classification is inherently limited by the lack of genotype -phenotype correlations and awaits the identification of additional causative genes to provide molecular clarification. The following features by organ system have been reported in individuals with JSRD.
Central nervous system
Central nervous system involvement may also include fluid collections in the posterior fossa resembling DandyWalker malformation and is observed in B10% of subjects. 12 Although hydrocephalus is uncommon in JS, a few patients develop hydrocephalus requiring shunting even in the absence of a Dandy -Walker malformation. Although cognitive disability can range from normal IQ to severe impairment, it is usually moderate in severity. In one series, the average age of independent sitting was 19 months and the average age of walking was 4 years for those who developed these skills; 5 f Episodic tachypnea and/or apnea. g One entity termed Malta syndrome is characterized by hydrocephalus, cortical renal cysts, coloboma, severe retinal impairment, and occipital encephalocele; 8, 14 however, it is unclear that this represents a distinct JSRD as all of these features have been described in individuals with DekabanArima syndrome. In several families with more than one affected child, encephalocele has been a discordant finding among the siblings, suggesting it is premature to define a subgroup based primarily on this CNS anomaly (M Parisi, personal observations). h Polymicrogyria has been described in two subjects with AHI1 mutations and in a few individuals with no identified genetic cause. It has been hypothesized that JS with polymicrogyria represents a distinct JSRD, 8 but this designation awaits further clarification. i May include agenesis of the corpus callosum, Dandy -Walker malformation, heterotopias, or cortical dysplasia. j Joubert syndrome with retinal dystrophy and renal symptoms is sometimes designated type B. k The distinction between cystic dysplastic kidneys and nephronophthisis at a histological level may not be clear. Ophthalmologic Ocular manifestations in JS are highly variable. Disturbances of ocular motility such as OMA are very common and were documented in all children evaluated with comprehensive ophthalmologic testing in one survey. 20 OMA typically manifests with dysconjugate eye movements and head thrusting to compensate for the inability to initiate saccades. 19 Nystagmus (horizontal, torsional, and/or rotatory) is often present at birth and may improve with age. Strabismus, amblyopia, and ptosis may require medical or surgical intervention. Third nerve palsy has also been observed. 19 Retinal disease consisting of a pigmentary retinopathy has been documented in some children with JS, 2,3 and some infants manifest a severe form of congenital blindness with markedly flattened electroretinogram (ERG) traces, analogous to what is termed Leber congenital amaurosis. 20, 21 Ocular colobomas are present in some children at birth and usually affect the choroid and retina; 2 these are a common feature of the JSRD known as COACH syndrome.
8,22
Renal Renal disease has been reported in up to 30% of subjects with JS. 2 There are two broad categories of renal impairment: cystic dysplasia and juvenile nephronophthisis. Cystic dysplasia appears as multiple cysts of various sizes in immature kidneys with fetal lobulations on ultrasound and may be present at birth. 2, 11, 23, 24 This finding is characteristic of the JSRD known as Dekaban -Arima syndrome (Table 1 ). In contrast, juvenile nephronophthisis is characterized by microscopic cysts affecting the renal tubules and usually presents with urine concentrating defects in the first or second decade of life manifested by polydipsia, polyuria, anemia, and growth failure, with progression to end-stage renal disease by B13 years of age. 25, 26 Small, scarred, and echogenic kidneys on ultrasound are only visible late in the course of the disease. Although these two renal lesions have been considered distinct, one report reviewed the renal pathology that had been described as cystic dysplasia in subjects with DekabanArima syndrome and found it to be indistinguishable from nephronophthisis. 27 Thus, it is possible that the renal manifestations in JSRD represent a continuum. The renal cystic disease recently described in some subjects with JS due to AHI1 mutations suggests that the onset of a nephronophthisis-like disorder may be delayed to as late as the third decade. 28 A general association between retinal and renal involvement has been observed, although this is not absolute.
2,23,29
Hepatic Approximately 6% of our cohort has developed hepatic fibrosis, often presenting with elevated liver enzymes or hepato(spleno)megaly (M Parisi, personal observations). In some cases, hepatic fibrosis has slowly progressed to endstage and required transplantation. An association with ocular colobomas has been described under the acronym COACH syndrome (see Table 1 ).
22,30
Other Endocrine abnormalities have been documented in a minority of subjects with JS ranging from micropenis to isolated growth hormone deficiency or panhypopituitarism (M Parisi, personal observations). Oral frenulae and tongue hamartomas have been described in the OFD VI group of disorders 8 (see Table 1 ). A 'typical' dysmorphic facial appearance, including a broad forehead, arched eyebrows, ocular hypertelorism, and open, tent-shaped mouth, has been observed. 5 Efforts to quantify facial features distinctive for JS have not been successful.
Diagnostic approaches

Initial evaluation
A high-quality MRI scan, including axial, coronal, and sagittal views (ideally with 3 mm axial planes through the midbrain and pons), is the most essential study in the diagnostic evaluation for a child suspected of having JS (Figure 1 ). CT scans in some situations have demonstrated the MTS, although this imaging modality is less sensitive and reliable. In addition to the MTS, images should be reviewed for other findings, such as polymicrogyria, callosal abnormalities, heterotopias, and evidence of ventriculomegaly or a posterior fossa fluid collection suggestive of Dandy -Walker malformation. 1, 7, 31 Medical genetics evaluation to obtain family history and to perform a physical examination to look specifically for polydactyly, micro/macrocephaly, facial dysmorphism, clefts, lingual nodules, abnormal genitalia, and other anomalies that may distinguish JSRD from other conditions in the differential, such as Meckel -Gruber syndrome, Bardet -Biedl syndrome, and congenital disorders of glycosylation. Abdominal ultrasound scan with attention to the kidneys and liver. As the majority of infants will not manifest renal cystic disease or liver fibrosis at this young age, interval reevaluation is advised. Renal evaluation: blood urea nitrogen (BUN), creatinine, complete blood count (CBC) for anemia, and firstmorning void urinalysis with specific gravity to evaluate for concentrating ability (particularly in older children).
A baseline blood pressure should also be obtained. Liver function tests (LFTs) to include transaminases, albumin, bilirubin, prothrombin time. Genetic testing may include a G-banded chromosome study, as part of the standard evaluation for an individual with mental retardation and other birth defects. However, no consistent chromosomal aberrations have been identified in subjects with JS. The evaluation of a hypotonic infant often includes DNA testing for Prader -Willi syndrome and other causes of hypotonia, but is expected to be normal in subjects with JSRD.
Referral to the Joubert Syndrome Foundation and Related Cerebellar Disorders (http://www.joubertsyndrome. org/) and other support organizations for families of children with disabilities. The following sections describe the details of specific molecular genetic testing.
Molecular and genetic basis of the disease
Three causative genes Mutations in the NPHP1, AHI1, and CEP290 genes have been identified in some subjects with JSRD ( Table 2 ).
NPHP1
The 30-exon NPHP1 (Nephronophthisis 1) gene and a portion of another gene of unknown function reside within a homozygous deletion of B290 kb flanked by large inverted repeat elements on chromosome 2q13 that has been identified in the renal disorder, juvenile nephronophthisis. 26, 32, 33 Compound heterozygosity for the deletion combined with a point mutation in the NPHP1 gene has been identified in some subjects with nephronophthisis. 34 The common NPHP1 deletion has also been identified in a few patients with JS, 35, 37, 38 as well as some individuals with congenital OMA known as Cogan syndrome. 36 The deletion appears to be identical in the different disorders. The NPHP1 mutation detection rate for the purely renal disorder is approximately 30%, 34 in contrast to a rate of approximately 1 -2% in patients with JS based on several case series. 28, 35, 37 However, the likelihood of detecting a causative NPHP1 deletion may be increased in subjects with JS who also have juvenile nephronophthisis. Two subjects with the homozygous NPHP1 deletion had retinal dystrophy in addition to nephronophthisis, comprising Senior -Lken syndrome. 37, 38 Thus far, the MTS in these individuals appears to be less striking with less extensive cerebellar vermis hypoplasia and elongated, but not thickened, superior cerebellar peduncles ( Figure 2) ; the significance of this finding is not clear, as few JS subjects Figure 3 ).
Missense mutations cluster within the WD40 domains implicated in protein -protein interactions. No single founder mutation has been identified in families of shared ethnicity. In a cohort of 117 JS subjects screened for AHI1 mutations by a combination of haplotype analysis and gene sequencing, 11% had mutations. 28 Polymicrogyria of the cerebral cortex has been observed in two individuals with AHI1 mutations. 15 Retinal dystrophy was reported in 11 out of 12 families with AHI1 mutations; 28 however, no subjects exhibited the variable JSRD features of encephalocele, polydactyly, coloboma, or liver fibrosis. Renal disease consistent with nephronophthisis has been observed in several older subjects with JS and AHI1 mutations. 28, 42 Thus, individuals with AHI1 mutations are at risk to develop both retinal dystrophy and progressive kidney disease.
CEP290
The 55-exon CEP290 gene (Centrosomal Protein, 290 kDa) was identified as causative in seven of 96 individuals with JSRD in one series (7%). 44 The affected individuals in the majority of families have had retinal dystrophy or congenital blindness, and renal disease consistent with nephronophthisis or renal cortical cysts has also been present. 44, 45 Thus, the form of JSRD in many families with CEP290 mutations overlaps with Senior -Lken syndrome or Joubert-LCA like. Other findings in some affected individuals include ocular colobomas and encephaloceles. 44 Almost all of the JSRD-associated CEP290 mutations have included nonsense, splice-site, or insertions/ deletions resulting in frameshift mutations. 43, 44 Mutations in CEP290 have also been identified in B21% of patients with Leber congenital amaurosis without the MTS or cognitive impairment; in these individuals, a common point mutation creates an aberrant splice product but some residual production of wild-type protein is hypothesized to account for the milder phenotype than the complete lossof-function mutations found in JSRD patients. 46 Potential role of these genes in the primary cilium/centrosome NPHP1 and other nephrocystin gene products associated with juvenile nephronophthisis are known to localize to the cell -cell junctions and the primary cilium and basal body apparatus of renal epithelial cells. 26, 47 These nephrocystin gene products form multiprotein complexes with microtubules, adherens proteins, and other cytoskeletal components, and may play a role as mechanosensors in cellular signaling processes or in intraflagellar transport. 26 Although a precise role for these proteins has not yet been elucidated in the cerebellum, it is known that most neurons and glia in the mammalian brain contain a primary cilium, an organelle that is present on almost all cells. 48, 49 A role for the AHI1 protein in ciliary function has not been identified. However, CEP290 localizes to the centrosome at the base of the cilium and is present in the cerebellum during mouse embryogenesis; expression defects in zebrafish result in aberrant retinal, cerebellar, and renal development. 44, 45 The centrosome is known to be important in chromosome segregation and may play a role in cell-cycle regulation. The functions of this complex organellar structure are many and varied, and mutations in proteins that form the centrosome/basal body apparatus and primary cilium are emerging as important causes of diseases such as Bardet -Biedl syndrome, OFD syndrome 1, Meckel-Gruber syndrome polycystic kidney disease, and lissencephaly, 47,50 some of which have clinical overlap with JSRD.
Other loci
The NPHP1 and AHI1 genes combined accounted for o15% of causative mutations in a cohort of 117 subjects, strongly suggesting that other genes for JS remain to be identified. 28 In another study, the CEP290 gene was causative in seven out of 96 individuals with JSRD (7%). 44 Linkage analysis has implicated two additional loci in JSRD (Table 2) . Two consanguineous Arab families from Oman showed linkage to 9q34, 51 identifying the JBTS1 locus. Several of these affected individuals developed retinal dystrophy, but renal disease has not been described. 14, 52 An extended consanguineous Italian family 9 and several Arab families 53 showed linkage to a locus on the pericentromeric region of chromosome 11, termed the CORS2 (JBTS2) locus. Many of these subjects developed renal disease, and some had retinal dystrophy. 14 The genes at these loci are not known. The identification of consanguineous families that do not map to any of these five loci suggests the presence of additional causative genes.
14,54,55
Management
Clinical work-up (see 'Diagnostic approaches' section for details of Initial Evaluation) Surveillance and management Given the heterogeneity in JSRD and the relatively high frequency of associated medical conditions, ongoing monitoring is essential. As the genetic causes of these disorders are identified, genotype -phenotype correlations may make it possible to refine these recommendations. The medical advisory board of the JS parent advocacy organization has developed recommendations for surveillance and management in this group of disorders (http://www.joubertsyndrome. com/). The management for each individual with JS must be individualized based on his/her specific medical needs and issues.
Regular evaluations
Annual pediatric and neurological evaluation to monitor systemic or motor abnormalities. Patients may have problems with swallowing due to large tongues, and may need ongoing evaluation for oromotor function and polysomnography for symptoms of obstructive apnea.
Genetic testing strategy As it is possible that an autosomal aneusomy condition could lead to features similar to those in JS (such as hypotonia and developmental delay), karyotype analysis and specialized genetic testing may be pursued in some cases (see Diagnostic approaches and Figure 1) . However, an MRI should confirm the MTS, and chromosomal anomalies have not been a feature in JS.
Testing for mutations in the three genes that have been identified as causative for JSRD (Table 2) should be considered, depending on clinical features and availability. Clinical molecular testing for the homozygous deletion of the NPHP1 gene associated with juvenile nephronophthisis, 35, 56 identified in only 1 -2% of subjects with JS, is available by FISH or microsatellite marker analysis 28 (see http://www.genetests.org for a list of testing laboratories). Molecular testing for mutations in the AHI1 gene and the CEP290 gene is also available clinically; each of these genes is estimated to account for B10% of cases of JSRD. Mutations in both AHI1 and CEP290 are more likely to be associated with retinal disease, with CEP290 implicated in some cases with congenital blindness or Leber amaurosis. 44, 46 In rare families with a large number of affected children and/or known consanguinity, linkage analysis may be feasible on a research basis.
Genetic counselling JS (and JSRD) are inherited in an autosomal recessive manner in all reported families where inheritance pattern can be determined. The penetrance for this disorder appears to be 100%, although data are limited to known linkage and mutational surveys. A couple who has had one affected child has a 25% chance of giving birth to another child with JS in each subsequent pregnancy. For an unaffected sibling of an individual with JS, the probability of being a carrier is 2/3. Based on an estimated prevalence of 1:100 000, the carrier frequency in the general population is calculated as B1:160. This results in a (1/160) (1/2) (2/3) (1/2) ¼ 1/960 chance for an unaffected sibling to have a child with JS. This would be higher in some ethnic groups or in the presence of consanguinity. There are no reports of an individual with JS reproducing in the medical literature; however, the probability that a person with JS would have an affected offspring would be quite low assuming the partner was neither affected nor a carrier for JS. Although a few individuals with JS are mildly affected, in general, JS is a moderately severe disorder with major impacts on health and development. The variable severity of the disorder in different families and even between individuals within families makes counseling regarding the prognosis challenging.
57
Prenatal diagnosis For the rare families in which diseasecausing mutations have been identified, prenatal diagnosis by DNA testing is possible. For all other at-risk pregnancies, prenatal imaging is the best and most practical diagnostic option. In the presence of a family history, prenatal diagnosis of JS has been accomplished as early as the first trimester on the basis of extracranial anomalies, such as polydactyly or renal cysts and major structural CNS malformations such as encephalocele. 58 Early diagnosis is more challenging when extracranial abnormalities are not present, because cerebellar vermis hypoplasia cannot be reliably diagnosed until 18 -20 weeks gestation, 59 and the MTS has not been observed before 27 weeks gestation. 60 In Nephronophthisis: Dialysis and renal transplantation. There may be medications available in the future to treat renal insufficiency; for instance, vasopression V2 antagonists have been shown to slow the progression of renal tubular disease in rat models of polycystic kidney disease.
63
Liver fibrosis: Specific surgical interventions for esophageal varices or portal hypertension. Some individuals with COACH syndrome have undergone successful liver transplantation.
Retinal dystrophy: Gene therapy in animal models of Leber congenital amaurosis and retinitis pigmentosa may lead to future therapies to slow the development and progression of retinal disease in humans. 64 
Conclusion
The major challenges in the field of JS research remain identification of the causative genes and translation of research findings into practical clinical guidelines and treatments for patients and families. Great strides have been made in this field over the past 2 years as the first causative genes have been discovered. However, conservative estimates suggest that the genetic etiology of B75% of JSRD remains to be discovered. Creative solutions will be necessary to identify the genetic causes for a condition with such a large degree of clinical and genetic heterogeneity. Fortunately, some genotype -phenotype correlations are emerging, and it is hoped that as more genes responsible for JSRD are identified, this information will allow refinement of management recommendations, so that lifelong screening for potential complications is not necessary for all patients.
It is intriguing that this disorder is associated with both congenital anomalies (ie, brain malformations, colobomas, polydactyly), and future risks to develop progressive retinal dystrophy, renal failure, and hepatic failure. In this regard, JS is remarkably similar to Bardet -Biedl syndrome, with at least 11 different loci/genes identified, whose gene products all play a role in the basal body/ciliary apparatus. 65 Discovery of genes for JS may provide further information about the function of the centrosome, basal body, and primary cilium and may also lead to valuable insights into mechanisms of cerebellar, renal, and ocular development.
From a clinical perspective, relatively little is known about the natural history of JS, perhaps because the condition is uncommon and was first reported relatively recently, in 1969. Additional clinical studies to describe the evolution of oculomotor, retinal, renal, and hepatic complications are urgently needed. Detailed characterization of the behavioral and neuropsychological phenotypes of genetic disorders such as JS will be crucial to developing effective interventions. It is hoped that an understanding of the genetic basis of JS will also facilitate development of targeted therapeutics for the associated medical complications.
Note added in proof
Recently, mutations in the TMEM67(MKS3) gene at 8q24, found to be causative in Meckel-Gruber syndrome, have been identified in three individuals with JS. While all of the affected individuals manifest cerebellar vermis hypoplasia and/or the MTS, two of them lack the classic features of Meckel-Gruber syndrome (encephalocele, renal cysts, Polydactyly, and hepatic fibrosis). 66 Clinical testing for mutations in MKS3 is available.
